Summary A decrease in core temperature during general anesthesia is attenuated by infusion of an intravenous amino acid mixture. The purpose of the present study was to investigate the influence of physical and endocrine changes caused by ovariectomy on the inhibitory effect of amino acid infusion on anesthesia-induced hypothermia. Sprague-Dawley female rats were divided into a sham-operated (Sham) group and an ovariectomized (OVX) group. Saline solution or an amino acid mixture solution was infused for 180 min during sevoflurane anesthesia, and the rectal temperature was measured (4 groups). Intraperitoneal white adipose tissue mass, bilateral gastrocnemius weight and plasma insulin levels were measured. In the Sham rats, no inhibitory effect of the amino acid mixture on anesthesia-induced hypothermia was found, while in the OVX rats, hypothermia was significantly decreased. The intraperitoneal fat weight/body weight ratio was significantly higher in the OVX rats than in the Sham rats, but the gastrocnemius weight/body weight ratio was not significantly different. After amino acid infusion, the plasma insulin level was significantly higher in the OVX rats than in the Sham rats. In conclusion, our findings suggest that, in rats, ovarian function or female hormone affects protein turnover mediated by increase in insulin secretion and, thus, decreases the inhibitory effect of an infusion of amino acid mixture on anesthesia-induced hypothermia. Key Words hypothermia, amino acids, general anesthesia, ovariectomy Redistribution hypothermia occurs in the body after induction of general anesthesia. Core body temperature gradually declines as heat is lost from the body surface, and heat production slows because of decreased metabolism. Selldén et al. reported that an amino acid infusion during anesthesia caused nutrient-induced thermogenesis (NIT), preventing the temperature reduction of redistribution hypothermia ( 1 ). Fujiwara et al. noted a similar effect after amino acid infusion but not after an infusion of glucose and fat emulsion ( 2 ). It is known that the metabolism of amino acids requires a large expenditure of energy ( 3 ), and protein synthesis induced by amino acids has been shown to correlate positively with energy expenditure ( 4 ). When rats were given the protein synthesis inhibitor puromycin, NIT did not occur after amino acid infusion ( 5 ). It has also been suggested that 75% of the increased oxygen uptake by amino acid infusion is produced in tissues other than the internal organs ( 6 ). Amino acid infusion during general anesthesia was found to stimulate protein synthesis in skeletal muscle via enhanced insulin secretion and to prevent hypothermia by heat accumulation through NIT ( 7 ). We have reported that skeletal muscle and plasma insulin levels play a major role in changes in body temperature during general anesthesia and the effect of amino acids on body temperature in a rat model of muscle atrophy ( 8 ).
Redistribution hypothermia occurs in the body after induction of general anesthesia. Core body temperature gradually declines as heat is lost from the body surface, and heat production slows because of decreased metabolism. Selldén et al. reported that an amino acid infusion during anesthesia caused nutrient-induced thermogenesis (NIT), preventing the temperature reduction of redistribution hypothermia ( 1 ). Fujiwara et al. noted a similar effect after amino acid infusion but not after an infusion of glucose and fat emulsion ( 2 ) . It is known that the metabolism of amino acids requires a large expenditure of energy ( 3 ), and protein synthesis induced by amino acids has been shown to correlate positively with energy expenditure ( 4 ) . When rats were given the protein synthesis inhibitor puromycin, NIT did not occur after amino acid infusion ( 5 ) . It has also been suggested that 75% of the increased oxygen uptake by amino acid infusion is produced in tissues other than the internal organs ( 6 ) . Amino acid infusion during general anesthesia was found to stimulate protein synthesis in skeletal muscle via enhanced insulin secretion and to prevent hypothermia by heat accumulation through NIT ( 7 ) . We have reported that skeletal muscle and plasma insulin levels play a major role in changes in body temperature during general anesthesia and the effect of amino acids on body temperature in a rat model of muscle atrophy ( 8 ) .
On the other hand, sex hormone is known to be involved in thermoregulation. In addition, estrogen is reported to contribute to protein anabolism, affecting thermoregulation via the thermoregulatory center ( 9 ) . Thus, estrogen may influence the inhibitory effect of an infusion of amino acid mixture during general anesthesia on hypothermia. However, the relationship between the inhibitory effect of an infusion of amino acid mixture during general anesthesia on hypothermia and ovarian function is not yet understood. Menopause causes physical and endocrine changes such as deficiency in female hormone and an increase in white adipose tissue mass. The present study was therefore conducted to investigate the influence of physical and endocrine changes caused by ovariectomy on the inhibitory effect of amino acid infusion on anesthesiainduced hypothermia in the ovariectomized rat model.
Materials and Methods
Animals. The present study was performed in accordance with the research guidelines of Tokai University and approved by the Animal Investigation Committee of the University. Seven-week-old female Sprague-Dawley rats, weighing 150 to 180 g, were obtained from Charles River Japan (Yokohama, Japan). The rats were housed (one per cage) at constant humidity and temperature (22 Ϯ 2˚C) under a standard light/dark cycle (light from 8:00 AM to 8:00 PM). A standard laboratory diet (CE-2, Charles River Japan) and water were given ad libitum.
Ovariectomy. Ovariectomized ( n ϭ 24) and shamoperated ( n ϭ 22) female rats were prepared as described in a previous report ( 10 ) . Seven days after the rats were received at the laboratory (at 8 wk old), they were anesthetized by isoflurane and bilaterally ovariectomized or sham operated. After the surgery, penicillin G (1,000 U; Meiji Pharmaceutical, Tokyo, Japan) was injected subcutaneously to prevent infection. After the operation, animals were permitted ad libitum access to food and water for 5 wk.
Experimental protocol. Rats were fasted for 2.5 h before the experiment to exclude the influence of starvation. Room temperature was maintained at 22˚C during the experiment. Sham-operated (Sham) rats and ovariectomized (OVX) rats were randomly assigned to 1 of the 2 treatment groups: intravenous infusion of saline (Sal) or amino acid (AA) mixture (4 groups, Sham-Sal and Sham-AA, n ϭ 11; OVX-Sal and OVX-AA, n ϭ 12). A 24-gauge over-the-needle catheter was placed in the tail vein and secured with bandage tape. The catheter was connected to a syringe on an infusion pump (TE-332, Terumo Inc., Tokyo, Japan) via the vinyl tube for administration of the test solution. Saline solution or the AA mixture solution, which is enriched with branched-chain amino acids (Amiparen ® , Otsuka Pharmaceutical Factory Inc., Tokushima, Japan) and stored at room temperature (22˚C), was infused continuously at a rate of 14 mL/kg/h. The composition of the amino acid mixture solution is shown in Table 1 . All rats were given the test solution at 10:30 AM. Immediately after infusion of the test solution was started, the rats were anesthetized with 3% sevoflurane for 180 min (0 to 180 min). Rectal temperature was measured by a digital thermometer (CTM-303, Terumo) and a thermistor temperature sensor (ME-PDK061, Terumo) throughout the 180-min experiment. No warming devices were used during the experiment.
Blood collection and tissue preparation. At the end of the 180-min period, the rats underwent a median laparotomy, and blood samples were collected from the abdominal artery. The samples were immediately centrifuged at 1,800 ϫ g for 20 min at 4˚C to obtain the 
.
Total free amino acid 100 EAA concentration 59.1 BCAA concentration 30.0 w/w% EAA, essential amino acid; BCAA, branched-chain amino acid. plasma, which was stored at Ϫ 80˚C until analysis. Retroperitoneal and mesenteric fat were removed from each rat and weighed. Likewise, bilateral gastrocnemius muscle was removed from each rat and weighed.
Measurement of plasma concentrations of insulin and estradiol. Plasma insulin concentrations were analyzed by radioimmunoassay (RIA) with commercial kits (Linco Research, Inc., St Charles, MO, USA). Plasma estradiol concentrations were measured by a liquid scintillation counter (LSC-5100, Aloka, Tokyo, Japan) for radioimmunoassay.
Statistical analysis. Data for each group were represented as means Ϯ SE. Statistical evaluation of the data was performed by two-way analysis of variance (ANOVA) followed by a Bonferroni or Tukey-Kramer post hoc test to determine the treatment effect (Prism 4 for Machintosh, GraphPad Software, CA, USA). Differences among the groups were considered significant at the level of p Ͻ 0.05.
Results

Changes in rectal temperature
The changes in rectal temperature are shown in Fig.  1 . The results of a two-way repeated-measures ANOVA showed a significant interaction between the study groups (rat model-test solution) and the measurement time points for the rectal temperature (rat model-test solution ϫ time, F (36, 444) ϭ 7.97, p Ͻ 0.0001) and also showed a significant difference in the rectal temperature by the study group (rat model-test solution) or by the measurement time point (rat model-test solution, F (3, 444) ϭ 9.46, p Ͻ 0.0001; time, F (12, 444) ϭ 1230, p Ͻ 0.0001, respectively). With regard to comparison between groups at the same measurement time point, the results of Bonferroni's post tests showed a higher body temperature in the OVX-AA group than in the OVX-Sal group ( p Ͻ 0.05 at 105 min, p Ͻ 0.01 at 120 min, and p Ͻ 0.001 at 135-180 min). However, no significant difference was noted in the body temperature between the Sham-Sal group and the Sham-AA group at each measurement time.
Effect of ovariectomy on the weights of body , skeletal muscle , and intraperitoneal white adipose tissue
As expected, ovariectomized rats had significantly increased body weight as compared to sham-operated rats (Table 2) . Relative fat weight (the retroperitoneal and mesenteric fat weight/body weight ratio) was calculated to exclude the influence of any difference in body weight among the rats. As shown in Table 2 , the ratio was significantly higher in the ovariectomized rats than in the sham-operated rats. In contrast, the relative muscle weight (bilateral gastrocnemius weight/body weight ratio) was significantly lower in the OVX-AA group than in the Sham-AA groups (Table 2 ). These results suggest that ovariectomy increased body weight by adding fat mass, not muscle mass.
Biochemical examination
The results of plasma insulin levels are shown in Fig.  2 . The results of a two-way factorial ANOVA showed a Ovariectomy decreases blood estradiol in rats (11) . To confirm the effects of ovariectomy, we measured the plasma estradiol levels in 5 rats each of the treatment groups in the present study, and the levels in all the rats of the OVX group were below the detection limit of 10 pg/mL. On the other hand, the levels in the ShamSal and the Sham-AA group were 64.4Ϯ18.5 pg/mL and 69.0Ϯ26.6 pg/mL respectively (values are meanϮSE, nϭ5 each group, not shown in Table 2 ).
Discussion
In the OVX rats, infusion of an amino acid mixture significantly prevented anesthesia-induced hypothermia. In the sham-operated rats, however, the inhibitory effect of amino acid infusion on hypothermia was not seen. In other studies done in male rats, amino acid infusion had a significant inhibitory effect on hypothermia, as measured by central body temperature, during general anesthesia (7, 8, 12, 13) . The results of our study suggest that in rats, ovarian function or female hormone decreases the inhibitory effect of amino acid infusion on anesthesia-induced hypothermia.
An amino acid mixture solution rich in BCAA was continuously administered in the present study. BCAA is reported to be required for the inhibitory effect of amino acid infusion during general anesthesia on hypothermia (14) . Female hormone, estrogen, exerts its action on protein anabolism. In other words, 17␤-estradiol increases activity of branched chain ␣-keto acid dehydrogenase (BCKDH) kinase, resulting in decreasing activity of BCKDH complex and inhibiting degradation of BCAA (11, 15) . However, if the mechanism of the inhibitory effect of amino acid mixture on hypothermia is caused by thermogenesis enhanced by protein synthesis in skeletal muscle (12) , the inhibition of degradation of BCAA by female hormone is thought to be more or less meaningful in that BCAA, which is the substance for protein synthesis, may be retained. On the contrary, in the present study, a significant effect of amino acid mixture was found in the ovariectomized rats that are deficient in female hormone, not in the Sham rats that possess estrogen as protein anabolic hormone. In order to find the reason, the metabolism of administered BCAA during general anesthesia, namely, activity of BCKDH complex, degree of protein synthesis in skeletal muscle, and the relationship with the inhibitory effect on hypothermia need to be investigated at molecular level.
The results of the present study confirmed that the blood insulin level plays an important role in the inhibitory effect of an infusion of amino acid mixture on anesthesia-induced hypothermia. Previous studies using male rats have shown that plasma insulin levels increase during general anesthesia after amino acid infusion (7, 8, 12, 16) . In the present study, the insulin level after administration of the test solution was significantly and consistently high in the OVX-AA group, in which a significant inhibitory effect on hypothermia was observed. Yamaoka et al. found that the inhibitory effect of amino acid infusion on anesthesia-induced hypothermia disappears in rats with suppressed insulin secretion after an infusion of somatostatin (12) . Administration of leucine after an infusion of somatostatin has also been shown to inhibit increases in serum insulin, with no increase in protein synthesis in skeletal muscle (17) . Further studies are required to investigate the relationship between insulin levels and degree of protein synthesis in skeletal muscle at the molecular level using the same experimental procedures. In the Sham-AA group, a statistically significantly high insulin level was not observed. The female hormone, estrogen, suppresses insulin secretion stimulated by glucose without inhibiting basal insulin secretion (18, 19) . Progesterone is also reported to suppress insulin secretion (20) . Therefore, we believe that the ovarian hormone influenced insulin secretion in our study, causing a smaller increase in insulin levels in the Sham group than in the OVX group. On the other hand, plasma insulin levels in our study are the values at the end of administration of the test solution. Because previous clinical studies have reported that an increase in insulin levels with the administration of amino acid mixture is transient (16) , further studies are required to measure insulin levels over time during continuous administration of amino acids.
We also found that amino acid infusion did not have much inhibitory effect on hypothermia in the Sham-AA group, although gastrocnemius weight/body weight ratio was significantly higher in the Sham-AA group than in the OVX-AA group (Table 2 ). This result seems to contradict that of the previous study reporting that metabolic heat production by protein synthesis in skeletal muscle plays an important role in the inhibitory effect of amino acid infusion on anesthesia-induced hypothermia (7) . However, a previous study shows that there is no statistically significant correlation between the inhibitory effect of amino acid infusion during general anesthesia on hypothermia and muscle weight (21) . It has also been shown in rats that the myofibrillar protein degradation product, plasma 3-methylhistidine, increases with amino acid infusion and thus the values of plasma 3-methylhistitine correlate positively with central body temperature (22) . These reports suggest that enhanced protein turnover in muscle by amino acid infusion is more important than the weight of skeletal muscle. In addition, another report shows that the fractional protein synthesis rate is higher in gastrocnemius muscle in estrogen-deficient OVX rats than in nor-mal female rats (23) , which supports this result, and also suggests involvement of the female hormone.
Deficiency in female hormone increases mesenteric fat and subcutaneous fat (24, 25) . In the present study, as expected, the OVX rats had a significantly large amount of intraperitoneal fat. Because fat has low thermal conductivity (26) , heat loss from the body surface may decrease in the OVX rats. It is reported that in humans, there is a correlation between reduced body temperature at the second phase that occurs after redistribution hypothermia and total body fat including subcutaneous fat (27) . However, there was no statistically significant difference in the body temperature between the Sham-Sal group and the OVX-Sal group. This suggests that the effect of increased fat weight of the OVX rats on anesthesia-induced hypothermia, namely balance of heat production and heat loss, is small. On the other hand, protein synthesis in fat cells is stimulated by amino acid infusion. Moreover, energy expenditure increases when protein synthesis is stimulated by amino acid infusion (4) . Therefore, we cannot deny the possibility that in the OVX rat group, which had increased fat tissues, the added energy expenditure that resulted from amino acid infusion caused heat accumulation, which may have prevented hypothermia. A molecular study is needed to clarify the mechanisms involved.
Thermoregulation is known to be closely related to autonomic nervous activity. In humans, a decrease in female hormone, namely menopause, leads to the development of various autonomic imbalance symptoms. Kobayashi et al. report that tail skin temperature increases more significantly in OVX rats than in Sham rats (28) . The changes in the skin temperature are thought to occur as a result of deficiency in estrogen that affects the autonomic nervous system. In addition, the sympathetic nerve stimulates brown adipose tissue to cause non-shivering thermogenesis. It is reported that estrogen acts on the hypothalamus and brown adipose tissue and affects thermoregulation (9, 29) . In the present study, changes in central body temperature during general anesthesia were observed. General anesthetics inhibit the functions of the thermoregulatory center in the hypothalamus and the autonomic nervous system. Therefore, the changes in the rectal temperature observed in the OVX-AA group are assumed to have no direct relationship with the changes in the autonomic nervous activity due to estrogen deficiency. Kobayashi et al. also report that there is no difference in rectal temperature (core temperature) between the OVX rats and the Sham rats.
In summary, we investigated the inhibitory effect of an infusion of amino acid mixture on anesthesiainduced hypothermia in ovariectomized rats. In the OVX rats, anesthesia-induced hypothermia was significantly prevented by an infusion of amino acid mixture. A significant inhibitory effect of an amino acid infusion on hypothermia was not observed in the Sham rats. In addition, the insulin level was significantly high after an infusion of amino acid mixture in the OVX rats as compared with the Sham rats. These results suggest the possibility that in rats, female hormone, through some mechanism, affects protein turnover mediated by increase in insulin secretion and, thus, decreases the inhibitory effect of an infusion of amino acid mixture on anesthesia-induced hypothermia.
